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(54) Title:, METHOD OF DNA SEQUENCING BY AFFINITY FRACTIONATION AND ARRAY HYBRIDIZATION 
(57) Abstract 



A method for fractionating and sequencing DNA via affinity Interaction Is provided comprising contacting cleaved DNA to a first array 
of oligonucleotide molecules to facilitate hybridization between said cleaved DNA and the molecules; extracting the hybridized DNA from 
the molecules; contacting said extracted hybridized DNA with a second array of oligonucleotide molecules, wherein the oligonucleotide 
molecules in the second array have specified base sequences that are complementary to said extracted hybridized DNA; and attaching labeled 
DNA to the second array of oligonucleotide molecules, wherem the labeled re-hybridized DNA have sequences that are complementary 
to the oligomers. The invention farmer provides a method for performing multi-step conversions of the chemical structure of compounds 
comprising supplying an array of polyacrylamlde vessels separated by hydrophobic surfaces; immobilizing a plurality of reactanta, such 
as enzymes, in the vessels so that each vessel contains one reactant; contacting the compounds to each of the vessels in a predetermined 
sequence and for a sufficient time to convert the compounds to a desired state; and isolating the converted compounds from said army. 
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METHOD OF DNA SEQUENCING BY AFFINITY FRACTIONATION AND ARRAY HYBRIDIZATION 



CONTRACTUAL ORIGIN OF THE INVENTION 
The United States Government has rights in this invention pursuant to 

Contract No. W-31-109-ENG-38 between the U.S. Department of Energy and 

the University of Chicago representing Argonne National Laboratory. 

5 BACKGROUND OF THE INVENTION 

1. Field of the Invention . 

This invention relates to miniaturized reaction vessels and the use of 

such vessels and more specifically, this invention relates to miniaturized 

reaction vessels and arranging the vessels in an array for performing various 

10 . biochemical procedures that require at least one reactant to be attached to a 

solid substrate. 

Background of the Invention 

The need to contain and manipulate small quantities of reactants is 
widespread. For example, forensic activities often deal with micro-quantities 
15 of DNA, bodily fluids, explosives, pesticides, microorganisms, toxins and 
other residues in trace amounts. Enzyme-linked immunoadsorbent assay 
(ELISA) procedures are such situations where small quantities of reactants . 
are utilized. 

Currently, devices exist to facilitate the containment and mixing of 
20 small quantities of reactants. Some of these devices include microliter plates 
and microwell plates having reaction volumes in the range of 1 to 10 



25 



30 



WO 98/27229 

PCT/OS97/23242 

ation tendencies of mnnku. "«area, taiong into cons der- 

encies of repulaon, aggregation, steric hindrances ete ^ 

mined configuration An** _ "^^^"S^'n apredeter- 
se n,~ ^ ,{a9e * 8,6 lnventon thateach vessef 



PCT/US97/23242 

WO 98/27229 



molecules. .. . - r 

Still another object of the present invention is to prov.de a method for 
using an array of miniaturized reaction vessels to facilitate affinity capture 
procedures. Afeature of the invention is treating each vessel as a chroma- 
5 tographymlcrcH^lumntobeusedsimultar^usly.Anad^ntageofthe 

invention is facifitating the fractionation of a mbdure of DMA molecules of 
known and unknown primary structure, as well as other molecules. 

Yet another object of the present invention is to provide a method to 
facilitate simultaneous multi-chemical reaction processes with many different 
10 substrates. A feature of the invention is that specific enzymes react with 
differentorthesamesubstratesthatareseparatedfromeachotherand 

placed or immobilized within separate, miniaturized reaction chambers which 
in turn are arranged in a predetermined configuration. An advantage of the 
invention is that it allows for controlled-mulfi-step conversions of various 
15 compounds and analytes. Another advantage is that when a substrate is 
confined to a single reaction chamber, site-specific biochemical reactions can 



be performed. 

Another object of the present invention is to provide a method for 
fractionatingandsequencingDNAmolecules. A feature of the invention is 

20 ^^^M^^fo^^^^^rr^^ 

then the use of a second oligonucleotide array to sequence the .solated DMA 
more efficiently. An advantage of the invention Is the obviation of costly 
intermediate cloning and mapping steps used in typical sequencing pro- 

cesses 

25 stlllanomerobjectofthepresentinventionofthepresentinventionis 
to provide aprotein affinity assay method. Afeature of the invention is the 
isolation and immobilization of different proteins, such as antibodies. In 
spe^celementeofanarmyandthene^ 
pLinorantigen. An advantage of the present method fettie abilrty to 
30 oonductthousands of assays simultaneously thereby proving a universal 
diaanostic chip, such as for antibody screening. 
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FIG. 2 is a table of DNA hybridization probability values, in accordance 
with the present invention; 

FIG. 3 is a conceptual view of interactions between reactants con- 
tained in the invented miniaturized vessel, in accordance with the present 
5 invention; 

FIG. 4 is a schematic view of arrays of fractionation vessels containing 
products of reactions, such as fractionated DNA, in accordance with the 
present invention; 

FIG. 5 is a conceptual view of oligonucleotide phosphorylation and 
10 ligation reactions facilitated by miniaturized reaction vessels, In accordance 
with the present invention; and 

FIGS. 6A-C are schematic views of arrays of reaction vessels contain- 
ing products of oligonucleotide phosphorylation and ligation reactions, in 
accordance with the present invention. 

15 DETAILED DESCRIPTION OF THE INVENTION 

The inventors have developed a process to perform hybridization, 

fractionation and enzymatic manipulation of molecules in a site specific way. 

The technique utilizes oligonucleotide chips arranged as high density arrays. 

The combination of the above-identified reactions into a simplified procedure 

20 obviates the need for intermediate mapping and cloning of fractionated 
products. As such, this new technique is a radical departure from typical 
sequencing processes. 

Generally, the invented process for fractionating, sequencing, and 
enhancing target DNA is depicted in FIG. 1 as numeral 10. A first step is the 

25 cleavage of a specific single-strand DNA molecule 14 with restriction en- 
zymes R1 and R2 to create a plurality of sets of fragments, wherein frag- 
ments of one set overlap fragments of another set In FIG. 1 , two sets of 
fragments are depicted, with one set having fragments I, II and III, and another 
set having fragments A, B and C. Then, the sets of fragments are loaded onto 

30 an array 16 or plurality of arrays containing a plurality of gel elements. Each 
gel element 18 contains a different immobilized oligonucleotide string of 
specific length and sequence that is complementary to a portion of the 
fragmented DNA. 
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After allowing the fractionated DNA to hybridize with complementary 
sequences, the hybridized DNA from a specific gel element 18 is extracted 
from the element 18. The extracted DNA could be labeled at this point and 

menplacedonasecondanay20containingindivid U algelelements20i 20ii 
20,.,, etc, each gel element known to contain a specific isolated immobilized ' 
phgomer. In FIG. 1, a second array 22 also is depicted containing immobi- 
lized oligomer complementary to fragment II. 

The second array 20 is scrutinized forthe presence of the label Those 
specific gel elements, 20i, that contain labeled oligomers indicate that com- 
plete hybridization of the target DNA fragment 22 has occurred. The overlap- 
P,ng of these perfectly hybridized oligonucleotides enables one to reconstitute 
the DNA sequence. Therefore, invented method provides for efficient frac 
tionafion and sequencing of DNA 

As noted above, the process of sequentially manipulating molecules 
■nvolves the use of miniaturized reaction vessels. Generally, each vessel 
consists of a specific volume or construct of polyacrylamide, whereby the 
polyacrylamide construct is immobilized on a hydrophobic surface such as 
glass. 

Each construct can range in size from approximately 0.06 x 0 06 x 0 02 
millimeter to 1 x 1 x 0.02 milometer. Each construct serves as a 70 picoliter 
(picoliter = 1<r« liter) or a 20 nanoliter (nanoliter = 10-liter) micro-test tube in 
as much as the constructs are arranged relative to each other in an array on a 
hydrophobic surface. 
Array Ma nufacturinn n^ fp|| 

The construct array is manufactured via a modified Methylene Blue 
induced photo^olymenzation procedure whereby a polyacrylamide solution is 
prepared and then configured into gel pad molds having the desired shapes 
and sizes for subsequent polymerization. After polymerization, a specific 
oligonucleotide is applied and chemically modified to each gel pad. A de- 
tailed description of the array manufacturing procedure is contained in a co- 
pending U.S. patent application, having serial number 08/592,120, assigned 
to the instant Assignee, and incorporated herein by reference. 
DNA Fracfinnqf infl 
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Complementary interactions are effectively used for affinity fraction- 
ation of nucleic acids by hybridization with a complementary strand immobi- 
lized on a solid support Fractionation on an oligonucleotide array is an 
alternative to DNA cloning for isolating specific fragments from DNA digests. 
5 Chip fractionation is followed by conventional sequencing or by se- 

quencing by hybridization with oligonucleotide chips. In the later scheme, 
devised by the inventors, DNA is first digested with restriction endonucleases, 
then the fragments are fractionated on the oligonucleotide chip and finally 
transferred from this chip onto a sequencing microchip. 

10 Three scenarios can be considered in this scheme. In the first sce- 

nario, approximately 16 to 120 fragments having an average length of 250 
bases are generated by cutting cloned plasmid or cosmid DNA respectively, 
with 4 bp-long specific restriction endonucleases. These fragments can be 
sequenced by conventional gel methods or by using sequencing microchips. 

15 In the second scenario, the cosmid, BAG and YAC DNAs are digested into 
about 8, 25, and 125 fragments of about 4,000 bases with the use of 6 bp- 
long specific restriction endonucleases. These fragments can be directly 
sequenced following the chip fractionation by the "walking primer" procedure 
or by the use of contiguous stacking hybridization on a sequencing microchip, 

20 as disclosed in U.S. Patent Application No. 08/587,332, and incorporated 
herein by reference. In the third scenario, bacterial DNA are specifically split 
into 100 fragments of the Cosmid size. The fractionated products are then 
treated by the processes outlined in the first or second scenarios, discussed 
supra. 

25 To effectively separate the fragments from each other, each gel 

element of an array must contain oligonucleotide strings that are unique for 
specific fragments. The longer the oligonucleotide string and the shorter the 
fragmented DNA, the higher the probability that a sequence complementary 
to the oligonucleotide string will be unique for only one of the fragments. 

30 Concurrently, the probability P that the oligonucleotide string will hybridize at ■ 
all with any fragment present in the mixture, will be lowered. The use of 
longer oligonucleotide strings increases the fractionation efficiency but this 
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of FIG. 2, to fractionate sixteen 250 bp-long fragments of plasmid DNA (4,000 
bp in length) at 90 percent probability, gel arrays containing 96 properly 
selected non-correlating 6-mers need to be employed. Among these 96 
hexamers, fifty nine will bind DNA, with 61 percent of those fifty nine (accord- 
5 ing to a 61 percent probability estimated at the far right of the table), or 36 
hexamers, isolating a single fragment from the mixture. 

Fractionation of a complex mixture of DNA fragments may require 
large arrays. For example, and as can be noted in fine 5 of FIG. 2, to sepa- 
rate 125 DNA fragments of plasmid size in the digest of 500,000 bp long YAC 
1 0 DNA with 99 percent probability, the fractionation array would require 1,918 
oligonucleotides of 10-base lengths. The size of such a complex array is 
approximately 9 centimeters X 9 centimeters, if each gel element is 1 x 1 mm 
and if the elements have 2 mm center-to-center spacings relative to each 
other. 

15 In such instances, fractionation and specific fragmentation can be 

carried out in two rounds to obtain DNA fragment sizes that are manageable 
for sequencing. For example, as can be noted in line 6 of FIG. 2, 4,000,000 
bp-long genomic DNA of E. coli could be fractionated using an array contain- 
ing 1,557 oligonucleotides to produce approximately 125 fragments of a 

20 cosmid's size (30,000 bp). As can be noted in line 3 of FIG. 2, these cosmid- 
size fragments can be digested further to approximately 4,000 bp-fragments 
with arrays containing 1 1 8 or 1 16 oligomers of 7-mer or 8-mer lengths, 
respectively. 

DNA digestion with at least two different restriction endonucleases 
25 should be performed to obtain overlapping sequences. Then each digest 
should be fractionated and sequenced to reconstitute the DNA sequence 
from the structure of the overlapping fragments. 

To fractionate double-stranded DNA, each chip element should contain 
oligonucleotide strings complementary to each target strand. However, if one 
30 needs to separate both complementary DNA strands, the complementary 
oligonucleotides should be immobilized in different microchip pads. This will 
necessitate a doubling of the number of gel elements in the array. 
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An efficient fractionation of single-stranded DNA was mmaH ^ ■ 
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separately hybridized with the fractionation chip at 4 °C in hybridization buffer 
to remove non-hybridized DNA. Non-specifically bound DNA was washed off 
with hybridization buffer at 15 °C for 5 minutes. 

DNA fragments were eluted separately at 40 °C with 3|*I of hybridiza- 
5 tion buffer from each of three F1-3 elements of the fractionation chip and 
hybridized with each of three clusters of the sequencing microchip (FIG. 4B) 
under the same conditions as described above. The sequencing array (FIG. 
4B) contained three identical clusters consisting of nine decamers that were 
complementary to F1, F2, or F3. Fluorescence hybridization images of 

1 0 fractionation and sequencing chips were monitored with a fluorescence 
microscope equipped with a CCD camera and software, as disclosed in 
Yershov, et al., noted supra. 

FIG. 4B shows that each DNA isolated from the mixture on the gel 
elements f1, fZ or f3 is hybridized only with the corresponding sequencing set 

15 of decamers and thus can be unambiguously identified. Cross-hybridization 
of the decamers with DNA of the other two fractions was negligible. These 
results demonstrate how the invented miniaturized reaction vessel promotes 
high efficiency DNA fractionation and suitable accuracy of sequence analysis 
on sequencing gels comprising similar vessels. 

20 Phosphorylation Detail 

Due to the hydrophobic spacing 20 between the gel elements 22, site- 
directed reactions can be carried out selectively in specified elements of the 
chip. 

50 pmole of synthetic oligonucleotide (5 t -ataccaacct-r 3m U-3 r ) was 
25 phosphorylated with 10 jA of reaction mixture containing 1xPN kinase buffer 
(66 mM K-acetate, 10 mM Mg-aoetate/5 mM dithiothreitol/33 mM Tris-acetate, 
pH 7.8), 15 fiCi [y-^P] ATP, 500 pmole ATP and 0.5 U T4 Polynucleo-tide 
Kinase, available from Epicentre Technologies, Madison, Wl, at 37 °C for 60 
minutes. 

30 The ^-labeled decamer (depicted in FIG. 5) was immobilized within a 

1 x 1 x 0.02 mm gel construct, labeled as "a" in FIG. 6A and the same non- 
phosphorylated oligonucleotide was immobilized within the constructs labeled 
as "b", V and "d" in FIGS. 6B f 6C ( and 6D, respectively, at a concentration of 
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5 pmole of oligonucleotide per construct. 

Immobilization was carried out at 20 »C for 12 hours. The arrav 6a 
containing the phosphorated oligonucleotide was washed with waJL 

^^.^dwnhwate, lh.^«^J J^^ 1 
^^^^FtnW^T- (Eas^anKodaK, ~ 

1 of phosphorylation mixture [1.5 M Ci fv- B Pl ATP «n ^ 

^*oaofW 0 ,1xP Nk i„aseb Ulferadd e dtos , e , chmenl . a , 

d^TTT i " ,0SP,,ate - " H * 37 ' C ,W « ^- ■» * «*er 
dned and radio-autographed. 

l »^th.e l r^ofpho S phon<a«onoflte 9 el^ BzKi 

20 ofigonudeotide. 

Ligation nAfaii 

3 ^ Ofa,i 9 aaonm ^w a spre P ared.con ja fningl0 P m O lof S sDNA 
^ggcagg^ 

™ m0 ''j'i^^^ m ^ , 1 aU< * ^ Ligase (available from 

EpK^rrtre Technologies, Madison W!) in 1 x T4 DMA Ligase buffer (6.6 mM 

K^ 10 mMMa-acetate«3mMTn^cetate, P H7.B,. These reactants 
were added to each of the V and Vge, elements In FIG. 6C. Ligation*^ 
carne out at 4 "C for 5 hour,, then the chip was washed with was hing buff r 
» (0.2. M NaC.0.2 mM EDTA/2 mM Na-phosphate, pH 6.8, at 10 »C for 5 
m.nutes. Fluorescence hybridization on the chip was monitored with a 
fluorescence microscope, perthe technique outlined in Yershov, supra 
As can be noted in 7C, the fluorescence label Is observed only in gel 
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element "b" of FIG. 6C. As with the phosphorylation prooedure above, the 

miniaturized vessels facilitate site directed ligation. 

Oligonucleotide 
Loading Detail 

5 The inventors have developed a specific method for loading 

oligonucleotides onto the miniaturized reaction vessels. The method is fully 
disclosed in PCT/RU 9400179, and incorporated herein by reference. 
Described briefly, a pin is immersed into, and is wetted with, oligonucleotide 
solution. After being withdrawn from the solution, the pin is contacted with the 

10 gel surface. 

During oligonucleotide aspiration, transfer and deposition, the 
temperature of the pin must be maintained near dew point at ambient temper- 
ature so as to prevent evaporation. Otherwise, the viscosity of the solution 
micro-volumes (typically 10 nanoliters or less) will lead either to complete 

1 5 evaporation or to incomplete transfer of the desired dose. 

The invented transfer method allows for the transfer of a range of 

micro-volumes of oligonucleotide solutions, from 0.3 to 50 nanoliters (nl), with 

a dispensing error of no more than approximately ± 20 percent 

Oligonucleotide Immobilization Detail 
20 The inventors have developed an immobilization procedure for 

coupling micromolecuies to acrylamide gels so as to minimize liquid 

evaporation during immobilization and to also ensure that covalent bonding of 

oligonucleotides to the gel matrix units proceeds to completion. This 

procedure is more fully disclosed in PCT/RU 9400178 and incorporated 

25 herein by reference. 

Briefly, the immobilization process is as follows: Micro-volumes of 
bioorganic solutions are loaded onto the micro-matrix cells, with the 
temperature of the micro-matrix being maintained equal to that of the ambient 
air. Once the micro-volumes of the oligonucleotide solutions have been 

30 applied to the cells of the matrix, the micro-matrix temperature is set equal to 
or below the dew point of the ambient air. This temperature is maintained 
until swelling of the gel is complete and non-coalescent droplets of water 
condensate appear in the spacings between the gel pads. 
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Aflerthe appearanceof the water condensate, a thin layer of an inert 
non-iuminescent oil is applied to the micro-matrix surface so as to prevent ' 
oligonucleotide evaporation. 

The micro-matrix is kept under the oil layer until completion of the 
5 oligonucleotide immobilization process, and preferably for 48 hours. The ofl is 
then removed by washing with a polar substance that will not cause oligo 
denaturing, such as ethanol, or water. The matrix is dried and stored 
indefinitely, ready for use. 
Probability r alculafinn? 
1 0 The probability, for a fragment with the random sequence of length / 

to get into a fractionating ceil containing immobilized rovers can be 
described by the relation q, = 1- (l-l/(4-)y«*, hence, 
the corresponding probability of its not getting into a cell of same kind is q = 
1-(1-1/(4 m ))^*'. * 

15 With K fractions available, the probability that at least one fragment will 

get .nto a randomly chosen fractionating cell is expressed as P , = 1-q* F or 
N non-correlating fractionating cells, the expected average number of filled 
cells can be written as n-m>. f . At the same time, the expected probability 

20 K ' 3 S ^' e fra9ment 9ettin9 int ° ^ ' S d6termined by 8,8 relation p i = 

The ratio of celts with the one fragment to all filled cells is given by n Vn 

While the invention has been described with reference to details of the 
/llustrated embodiment, these details are not intended to limit the scope of the 
25 invention as defined in the appended claims. 

For example, the invented method is appropriate for drug screening or 
to construct a protein assay. In one scenario, a myriad of monoclonal 
antibodies, heavy and light chains from a spleen library is a suitable source is 
accumulated via polymerase chain reaction processes. Then each of these 
anybodies are immobilized in separate gel elements of an array. Thearrayis 
then subjected to an antigen which is tagged. Those gel elements that light 
up would serve as starting points for building antibodies specific for that 
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antigen. Further, depending on the size of the array, such arrays of gel cells, 
or microchips, could serve as a universal antibody diagnostic chip allowing for 
thousands of assays to occur simultaneously via protein affinity processes. 
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The embodiment of the Invention In which an exclusive property or 
privilege is claimed is defined as follows: 



1. A method for conducting affinity fractionation and sequencing of 
DNA comprising: 

a. ) cleaving DNA into predetermined lengths; 

b. ) labeling the cleaved DNA; 

c) contacting the labeled DNA to a first array of isolated 
ohgonucleotide sequences, wherein said sequences are complementary to 
portions of the DNA; 

d. ) allowing hybridization to occur between said cleaved 
DNA and the sequences; 

e. ) extracting the hybridized DNA from the sequences; 

f. ) contacting said extracted hybridized DNA with a second 
array of immobilized oligonucleotide molecules, wherein some of the 
oligonucleotide molecules in the second array have base sequences that ana 
complementary to said extracted hybridized DNA; 

9.) allowing the extracted hybridized DNA to re-hybridize with 
the second array of oligonucleotide molecules; and 
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17 h.) attaching labeled oligomers to the second array of 

1 8 oligonucleotide molecules, wherein the labeled oligomers have sequences 

19 that are complementary to the re-hybridized DNA. 

1 2. The method as recited in claim 1 wherein the DNA is selected 

2 from the group consisting of plasmid DNA, cosmid DNA, bacterial DNA, 

3 eucaryotic DNA, and combinations thereof. 

1 3. The method as recited in claim 1 wherein the first array and 

2 second array of oligonucleotide molecules further comprise: 

3 a plurality of polyacrylamide gel elements, with each gel element 

4 hydrophobically isolated from the other gel elements; and 

5 at least one oligonucleotide molecule attached to the gel element 

1 4, The method as recited in claim 1 wherein the first 

2 oligonucleotide molecules are between 6 and 12 bases long. 

1 5. The method as recited in claim 1 wherein the DNA molecules 

2 are between 200 and 4,000,000 bases long. 

1 6. The method as recited in claim 1 wherein the step of attaching 

2 labeled oligomers to the array of oligonucleotide molecules further comprises: 

3 h.) phosphorylating the array molecules; and 

4 i.) ligating the labeled oligomers to the phosphorylated molecules. 

.1 7. A method for performing multi-step conversions of compounds 

2 comprising: 

3 a.) supplying an array of polyacrylamide vessels; 

4 b.) immobilizing a plurality of reactants in the vessels so that each 

5 vessel contains one reactant; 

6 c.) contacting the compounds to each of the vessels in a 

7 predetermined sequence and for a sufficient time to convert the compounds 
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to a desired state; and 

d.) isolating the converted compounds from said array. 

setected from the group consMng of nucleic acids, proteins, antibodies 

DNA . 9 ' 11,6 ^ 38 reC?ted h daim the compounds are - 



enzymes 0 ' ^ ^ " ' " h "* feactants a * 



11. The method as recited in claim 10 wherein the reactants are 
enzymes selected from the group consist of phosphorylation enzymes 
endonucteases. exonudeases, ligase, RNA polymerase, DNA po£T ra "e 
and combinations thereof. po'/merase, 

12. ^emethodasrecitedinclaimTwhereinthecapacityofthe 
vessels . between approximately 0.01 nanoliters and 100 n ano.il 

18. The method as recited in claim 7 wherein the vessels are 
isolated from each other by a hydrophobic region. 

conJl 77, ! meth ° d 38 "** ^ 7 me are 
compounds and the reactants. wen me 

15. A method for manipulating nanolifer quantities of molecules 
compnsing: 

having a volume of from a fraction of nanoliterto hundreds of nanoNters, 
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5 wherein the molecules are held in a confined volume; 

6 b.) introducing into the vessel a means to modify the molecules; 

7 c.) removing the modifying means from the vessel; and d.) 

8 • isolating the now modified molecules from the vessel 

1 16. The method as recited in claim 1 5 wherein the molecules are 

2 selected from the group consisting of nucleic acids, oligonucleotides, proteins 

3 amyloid-forming proteins, antibodies, synthetic peptides, low molecular weight 

4 compounds, and combinations thereof. 

1 17. The method as recited in claim 1 5 wherein the molecules are 

2 DNA and the means to modify the molecules is a phosphorylation reaction. 

1 18. The method as recited in claim 17 wherein the DNA molecules 

2 are contacted with a mixture of phosphate and a phosphorylation enzyme. 

1 19. The method as recited in claim 15 wherein the molecules are 

2 DNA and the means to modify the molecules is a ligation reaction. 

1 20. The method as recited in claim 29 wherein the DNA molecules 

2 are contacted with ligase. 
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Fig. 5 
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